S
keletally immature patients with progressive spinal deformity are commonly treated using "growthguiding instrumentation." 1 Options for growth guidance include traditional growing rods and the more recently introduced magnetically controlled growing rods (MCGRs). Both constructs allow for spinal deformity correction and continued growth of the spine and thorax in patients with severe, progressive, early-onset scoliosis.
Patients with respiratory failure due to chronic hypoventilation syndrome, high cervical spinal cord injury (SCI), or progressive neurodegenerative conditions may be candidates for diaphragmatic pacemakers (DPs). A DP may allow patients to be partially or completely weaned off of mechanical ventilation, potentially improving their quality of life and minimizing complications associated with long-term positive-pressure ventilation.
It is unclear whether the lengthening mechanism in the MCGR is compatible with indwelling devices like DPs. We present the case of a patient with a DP who underwent insertion and postoperative lengthening of bilateral MCGRs without adverse effects to the DP.
Case Report

History and Examination
A 7-year-old boy presented to our institution with severe paralytic thoracolumbar scoliosis, pelvic obliquity, and complete ventilator dependence secondary to a C2-3 level complete SCI sustained at the age of 2 years after a motor vehicle accident (Fig. 1) . To reduce his time on mechanical ventilation, the patient had undergone insertion of a DP 2 years previously at our institution, and was using the DP to pace his breathing for 2-3 hours per day off of his ventilator. Unfortunately, the patient's deformity had progressed to > 120° despite bracing, and he lost the ability to sit upright. Because his thoracic height was 12 cm and well below the desirable volume and height, surgical intervention with growing instrumentation was recommended. A multidisciplinary team concluded that MCGRs offered the best option for minimizing future invasive interventions, stabilizing the spinal deformity, and maximizing future spinal and thoracic growth. The family was informed that the use of MCGRs in a patient with a ABBREVIATIONS DP = diaphragmatic pacemaker; MCGR = magnetically controlled growing rod; SCI = spinal cord injury. Phrenic stimulators offer an alternative to standard mechanical ventilation as well as the potential for ventilator independence in select patients with chronic respiratory failure. Young patients (< 10 years old) with high cervical spinal cord injuries often develop paralytic scoliosis due to loss of muscle tone caudal to their spinal cord lesion. Growing rod systems allow for stabilization of spinal deformity while permitting continued growth of the spine and thoracic cavity. Magnetically controlled growing rods (MCGRs) offer the advantage of noninvasive expansion, as opposed to the operative expansion required in traditional growing rod systems. To the authors' knowledge, this is the first reported case of MCGRs in a patient with a diaphragmatic pacemaker (DP). A 7-year-old boy with ventilator dependence after a high cervical spinal cord injury presented to the authors' institution with paralytic scoliosis that progressed to > 120°. The patient had previously undergone insertion of phrenic nerve stimulators for diaphragmatic pacing. The decision was made to insert MCGRs bilaterally to stabilize his deformity, because the planned lengthening surgeries that are necessary with traditional growing rods would be poorly tolerated in this patient. The patient's surgery and postoperative course were uneventful. The DP remained functional after insertion and lengthening of the MCGRs by using the external magnet. The DP had no effect on the expansion capability of the MCGRs. In conclusion, the MCGRs appear to be compatible with the DP. Further studies are needed to validate the long-term safety and compatibility of these 2 devices. preexisting, radiofrequency-controlled DP was physician directed (i.e., "off-label").
SUBMITTED
Operation and Postoperative Course
The patient underwent insertion of bilateral MCGRs (MAGEC Rod; NuVasive, Inc.) from T-3 to the sacrum. His surgery and postoperative course were unremarkable (Fig. 2) . Because the patient had only used the DP device for 2-3 hours per day prior to surgery, the device was not required for routine ventilation. Therefore, the patient received mechanical ventilation during surgery and immediately postoperatively, until it was thought that he was stable enough for a trial of respirations off the ventilator with the aid of the DP device. As a precautionary procedure, the MCGR's external magnet was placed on the patient's back prior to surgery to simulate an MCGR lengthening. The DP device was able to function properly after this maneuver, and thus we believed that the DP would probably not be affected by the external magnet. At postoperative Day 3 the patient began using his DP without issue, and the device was functioning normally. At postoperative Day 7, the MCGRs were expanded using the external magnet. Both devices remained functional at the 6-month follow-up appointment.
Discussion
Electrophrenic ventilation, or phrenic nerve stimulation with DPs, is an alternative to mechanical ventilation in patients with respiratory failure. 4 Radiofrequency programmers allow external control of the rate and amplitude of diaphragmatic stimulation. In the appropriate patient, electrophrenic ventilation offers a safe, potentially costeffective option for decreasing ventilator dependence and improving quality of life. 3, 5, 7, 20 Primary indications for phrenic stimulation include central hypoventilation syndrome (Ondine's curse) and high cervical SCI. 11 Young children (age < 8 years) are particularly susceptible to high cervical SCI after trauma, and subsequent respiratory failure. 9, 12, 14, 16 Pediatric patients with SCI, especially those who are skeletally immature, commonly develop paralytic scoliosis due to loss of truncal tone caudal to the injury.
14 In a retrospective review by Dearolf and colleagues, 2 the rate of scoliosis after SCI in skeletally immature patients was found to be 97%, compared with 52% in patients injured after the growth spurt. Deformity in patients with tetraplegia may subsequently lead to uneven weight distribution and poor sitting balance, predisposing them to decubitus ulcers and a tendency to slide out of the sitting position. 17 Surgical treatment of deformity is challenging in this population, because definitive fusion prior to skeletal maturity may lead to pulmonary restriction due to a diminished thoracic cavity (i.e., thoracic insufficiency syndrome). 1, 13 Skeletally immature patients with progressive deformities are often treated using "growth-friendly instrumentation" to allow continued spine and chest growth and curve stabilization. 21 The MCGR offers the advantage of noninvasive rod expansion, as opposed to traditional growing rods. 10 These rods are expanded using an external magnet. Early results on the outcome and efficacy of MCGRs are promising. 6, 8, 15, 18, 19 The use of an MCGR in a patient with preexisting phrenic stimulators has not been studied. Our patient received primarily mechanical ventilation and would not have a significant functional decline if the DP were compromised by the MCGR. We believed that the external magnet used to lengthen the MCGR would not affect the phrenic stimulator, which uses a radiofrequency programmer and not an external magnet. The use of an MCGR in a patient with an indwelling device (i.e., cardiac pacemaker, vagal nerve stimulator, programmable CSF shunts, and so on) that contains metallic and/or magnetic components is not supported by the manufacturer at this time. There have been no reports to date to evaluate the efficacy and safety of MCGR placement in a patient with an indwelling device. The manufacturers of the DP and the MCGR were contacted prior to surgery regarding placement of MCGRs in a patient with a radiofrequency-controlled DP. Due to the small amount of metal present in the leads of the DP, the companies were unable to support the use of MCGRs in this patient. Thus, the placement of MCGRs in this patient with a phrenic pacemaker was physician directed, and therefore off-label. The results of this study are not applicable to the use of an MCGR with magnetically controlled indwelling devices (i.e., cardiac pacemaker, vagal nerve stimulator, programmable CSF shunts, and so on). The DP is controlled by radiofrequency and is not magnetic, containing only a small amount of metal in the leads. We therefore believed that there was a low likelihood of any potential deleterious effect to the patient or the DP with the placement of MCGRs in this patient.
The patient was monitored for 1 week postoperatively to ensure continued function of the DP. At discharge, the parents were instructed to use a pulse oximeter whenever the child was using the DP to wean off of mechanical ventilation. The MGCR construct has been successfully lengthened in the outpatient setting and the DP device remains functional.
